Introduction
============

Intervertebral disc degeneration (IDD) is implicated as a vital cause of low back pain (LBP), which results in not only great individual suffering, but global socioeconomic burden [@B1]-[@B3]. It has been estimated that approximately 80% of the population might have LBP at some point in their lives, leading IDD to an important public health issue [@B4]. The aetiology of IDD has been ascribed to various factors, including mechanical stress [@B5],[@B6], cell death [@B7],[@B8], gene polymorphisms [@B9],[@B10], aging [@B11],[@B12] and aberrant expression of microRNAs [@B7]. Despite intensive research activities in this field, the pathophysiology of IDD is still not well explored.

The intervertebral disc is comprised of a central gelatinous nucleus pulposus (NP) surrounded by annulus fibrosus (AF) and sandwiched by cartilage endplate. The normal human NP consists of extracellular matrix interspersed by a small number of cells that make up about 1% of the total volume [@B13]. Accumulating evidence has shown notochord cells play essential roles in the development and function of human NP [@B14]-[@B18]. Moreover, *in vitro* experiments have demonstrated that notochord cell is a vital factor to regulate extracellular matrix production and cell proliferation in some adult mammals [@B14],[@B19]-[@B21]. However, notochord cells disappear in the first decade of human being and thereafter are replaced by chondrocyte-like cells with the occurrence of IDD [@B17],[@B20],[@B22].

Amongst the proteins of notochord cells, cytokeratin 8 (CK8) has been identified as a classical marker [@B23]-[@B26]. CK8 is a member of the cytokeratins family which belongs to the intermediate filament proteins of epithelial cells including notochord cells of NP [@B27]. Meanwhile, cytokeratins exert multiple functions due to their unique structural feature, i.e., the maintenance of response to mechanical stress, the regulation of Fas-mediated apoptosis and the modulation of *cell size* and protein synthesis. Stosiek et al. identified the co-expression of CK8 and vimentin in adult human NP, which indicated a close relationship between these cells and notochord cells [@B26]. Weiler et al. noted that a substantial variation of CK8 positive cells presence was linked with age in human disc [@B23]. As for bovine NP cell makers, Gilson et al. found that about 10% of NP cells were CK8 positive and appeared as small isolated clusters surrounded by gelatinous matrix [@B28].

However, the distribution of CK8 positive cells in human NP and their relationship with IDD have not been clarified until now. Here, we assumed that CK8 might be closely linked with notochord cells and the maintenance of normal human NP. Accordingly, this study was aimed to address the expression of CK8 in human NP and its relationship with IDD using immunofluorescence staining, western blotting and qRT-PCR. Meanwhile, the relationship between cell clusters and CK8 positive cells was also studied.

Materials and Methods
=====================

The study was approved by the institutional ethics review board (No. 20111103-7) with written informed consents obtained from each patient or his/her relatives.

Donor grouping
--------------

The study groups consisted of NP from cadavers and patients as below: Normal control group from 8 cadavers graded as Grade I (age 31.6±7.4years, range 21-42 years), disease control group from 9 patients with scoliosis undergoing anterior discectomy and fusion graded as Grade II \[45\] (age 20.1±2.1 years, range 16-24 years) and IDD group from 17 patients undergoing discectomy (age 32.2±7.1years, range 23-46years). Intervertebral discs were graded according to Pfirrmann\'s grading system [@B29].

NP specimen preparation
-----------------------

NP specimens were obtained from cadavers, patients with scoliosis and IDD as normal control, disease control and IDD samples, respectively. As for the cadavers, magnetic resonance imaging (MRI) data before death in their recent health examination records were collected. Patients with spinal stenosis, tumors, infections, and previous lumbar disc surgery within 3 months were excluded from the study.

Human NP cells isolation and culture
------------------------------------

All specimens were obtained within 1 hour either after autopsy or surgery. Subsequently, the NP was separated from the AF using a stereotaxic microscope carefully and washed with Hank balance salt solution to eliminate contamination and blood. Specimens were digested for 40 minutes in 0.2% pronase, then washed with Hank balance salt solution and incubated in 0.25% type II collagenase at 37°C under gentle agitation. After 4 hours, remaining tissue debris was removed through a 40 µm cell strainer. Cells were centrifuged at 200 g for 8 min and seeded in culture flasks cultured with F-12 medium (containing 10% FBS, 1% P/S) in 5% CO2 and 20% oxygen incubator. Cells cultured for 3 days were used in the following western blotting and qRT-PCR steps.

Immunofluorescence staining of frozen specimens
-----------------------------------------------

Specimens were snap-frozen and cut in 25μm transversally with a cryostat microtome. The frozen sections were fixed in methanol at -20°C for 30 min. Before treatment with the primary antibody, nonspecific binding was blocked by treatment with 1% bovine serum albumin phosphate-buffered saline (PBS), then the samples were incubated in the rabbit monoclonal antibody to CK8 (5 μg/mL) (ab32357, Abcam, Cambridge, USA) in 12h in 4°C. The samples were washed in PBS for 5 min and incubated with Alexa 488-conjugated goat anti-rabbit secondary antibodies (Molecular Probes, Eugene, OR, USA) for 30 min in the dark at room temperature. For DNA counterstain, the samples were incubated in medium containing DAPI (4\'-6-diamid-ino-2-phenylindole) after washed with PBS. Slides were visualized using a Leica microscope (Leica, Wetzlar, Germany).

For all the frozen specimen strips, 10 fields in 20X were selected randomly. Quantitative analysis was performed by two pathologists who were unaware of the clinical data. The positively stained cells and cell clusters were counted as a fraction of the area. Cell clusters were defined as aggregates of three or more cell nucleus in the DAPI counter-stain view. The percentage of CK8 positive cells of all specimens and stained cell clusters were calculated, respectively. Whole cohort of samples in Table [1](#T1){ref-type="table"} was used for the data analysis.

Double immunofluorescence of CK8 and CD24
-----------------------------------------

Specimens were simultaneously incubated with rabbit monoclonal antibody to CK8 and mouse anti-human CD24 monoclonal antibody (catalog no. 555426; BD PharMingen, San Diego, CA) for 1 hour at room temperature. Following washed in PBS for 5 min, specimens were incubated with Alexa 488-conjugated goat anti-rabbit secondary antibody and 594 fluor-conjugated anti-mouse secondary antibody (Abcam, Cambridge, USA) for 30 min in the dark at room temperature. Slides were visualized using a Leica microscope (Leica, Wetzlar, Germany).

Western blotting
----------------

NP cells were cultured and trypsinized. Following washed with PBS, cell lysates were prepared in MOPS buffer on ice for 30 min. Debris of the cells was removed by centrifugation for 20 min at 4°C. The protein concentration was measured by the BCA assay (Sigma, Saint Louis, USA). Following electrophoresized in 10% Bis-Tris gel, equal amounts of 15ug proteins were transfered to PVDF membrane (0.45 mm). Then samples were blocked in the nonspecific binding sites overnight with 3% skim milk TBST (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20). Subsequently, the membranes were incubated for 1 h at room temperature with rabbit monoclonal antibody specific to CK8 (Abcam, Cambridge, USA, 1:1000), and mouse monoclonal antibody specific to β-actin (Sigma, Saint Louis, USA, 1:2000) as control. Antibody labeling was identified using goat anti-rabbit or anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling Technology, Boston, USA 1:10000), Membranes were treated with ECL Plus according to the manufacturer\'s instructions (Amersham Pharmacia Biotech, Umea, Sweden). Images were analyzed by densitometry from Scion Image. To measure the amount of CK8 and β-actin expression, the CK8/β-actin ratio was calculated for each sample. Then, the relative expression of CK8 was obtained. NP cells were obtained from first eight individuals of each group in Table [1](#T1){ref-type="table"}.

qRT- PCR
--------

Total RNA in NP cells was isolated using TRIzol® Reagent (Ambion Invitrogen, Carlsbad, CA, USA) according to the manufacturer´s protocol. Reverse transcription to cDNA was performed using a High-Capacity cDNA Archive Kit (ABI, Foster City, CA, USA). Predesigned primers for human CK8 and human GAPDH as control were designed using OligoPerfect^TM^ Designer Software (Invitrogen) and purchased from Sangon (Sangon, Shanghai, China). RNA concentrations were measured using a NanoDrop instrument (NanoDrop, Wilmington, DE, USA). The levels of CK8 mRNA were normalized to GAPDH mRNA controls. All RT reactions, including GAPDH controls, were run in triplicate in a GeneAmp PCR 9700 Thermocycler (ABI). Reverse transcriptions were performed at 37°C for 15 minutes and 85°C for 5 seconds. Quantitative real-time PCRs were done on a StepOne Plus device (Applied Biosystems) with SYBR Premix Ex Taq™ kit (TaKaRa). 1μg of cDNA was amplified at 95°C for 15 seconds followed by 40 cycles of 95°C, 5 seconds and 60°C for 30 seconds. The dissociation curves were run for all completed SYBR Green reactions to rule out non-specific amplifications and primer-dimers. The relative amounts of CK8 mRNA were calculated using the comparative Ct (2^-ΔΔCt^) method [@B30] and sample from the cadaver group was used as control sample. NP cells were obtained from first eight individuals of each group in Table [1](#T1){ref-type="table"}. The primers used in the study were shown in Table [2](#T2){ref-type="table"}.

Statistical analysis
--------------------

Student\'s *t*-test was performed to compare two-group parameters (IDD and normal control, IDD and disease control). A *p* value less than 0.05 was considered as statistically significant. The SPSS statistical package (SPSS, Chicago, IL, USA) was used for the statistical analysis.

Results
=======

The demography of individual\'s data was listed. Meanwhile, the percentage of total CK8 positive cells of each individual and the percentage of cell clusters with CK8 positive in each patient were shown (Table [1](#T1){ref-type="table"}). In addition, data analysis showed that there was no significant difference about correlating CK8 expression versus donor age, which might own to the relatively small sample size in this study.

Expression of CK8 positive cells in NP
--------------------------------------

Immunofluorescence staining of frozen specimens showed a subset of CK8 positive cells in human NP (Figure [1](#F1){ref-type="fig"}).The percentage of CK8 positive cells in IDD (25.7±4.14%) was significantly lower than that in normal and disease controls (51.9±9.73% and 47.8±5.51%, respectively) (*p*\<0.05) (Figure [2](#F2){ref-type="fig"}). Moreover, a number of cell clusters (approximately 37.4%) were CK8 positive in IDD while most clusters were CK8 negative. As shown in the images, almost all cells in clusters were either CK8 positive or negative uniformly, clusters of both positive and negative cells were rarely found. No fluorescent signal could be detected in AF cells (Figure [3](#F3){ref-type="fig"}).

Co-expression of CK8 and CD24 by some NP cells
----------------------------------------------

Given that CD24 is highly expressed specifically in NP [@B31], we performed a double-staining of CK8 and CD24. As a result, all NP cells were CD24 positive with CK8 expression in a subset of cells (Figure [4](#F4){ref-type="fig"}).

Western blotting results
------------------------

CK8 was demonstrated at a lower intensity in IDD than that in the normal and disease control. Quantitative examination revealed that the average CK8/β-actin ratio in IDD was 52.3% and 67.8% of the normal and disease control. A significant decrease in CK8 expression was demonstrated compared with the controls (*p*\<0.05) (Figure [5](#F5){ref-type="fig"}).

qRT-PCR analysis
----------------

The levels of mRNA expression of CK8 in IDD were significantly lower than that in the controls. (*p*\<0.05) (Figure [6](#F6){ref-type="fig"}) Relative expression of CK8 mRNA in IDD was 77.1% and 78.6% of normal and disease controls.

Discussion
==========

Hitherto, this is the first study identifying the distribution of CK8 positive cells in human NP and their relationship with IDD based upon multiple lines of evidence to our knowledge. Moreover, the percentage of CK8 positive cell clusters was also studied. We found that the expression of CK8 could be noted thoroughly in normal NP. The percentage of CK8 positive cells decreased with disc degeneration. Meanwhile, a number of cell clusters (about 37.4%) were CK8 positive in degenerate NP. In addition, as CD24 has been described to be specific for mouse NP cells [@B31], we also found a high co-expression of CD24 and CK8 in a subset of human NP cells; and interestingly, almost all NP cells were CD24 positive. These findings might deepen our understanding of human NP and IDD.

First, it has been shown that CK8 was expressed in the epithelia derived notochord cells of NP [@B32] and was frequently used as one of the notochord cell markers to classify the origin of tissues [@B23],[@B26],[@B28],[@B33]. The fate of notochord cells in the development of intervertebral disc has long been a controversy [@B34],[@B35]. Recently, lineage-tracing experiments using *Shhcre*/*ShhcreERT2* mouse lines and *Noto-cre* mouse line have shown that the notochord cells gave rise to NP in the mouse model [@B36],[@B37]. However, whether all chondrocyte-like cells in human NP derived from notochord cells remains unknown. Throughout life the disc cells constantly change their phenotypes and quantity particularly in the first decade of the body [@B38],[@B39]. Therefore, we suggest that CK8 positive cells might be remains of notochord cells in the development of human NP.

Second, the decreased percentage of CK8 positive cells with degeneration we found might indicate a close link between notochord remnants and the physiological function of NP. Our findings are similar to those of Weiler et al., who noted the number of CK8 positive cells was linked with distinct features of age-related disc degeneration [@B23]. On the other hand, we focused on the expression of CK8 in IDD excluding the contribution of age factor since the average age between IDD and normal control in this study was not statistically different. Meanwhile, given that the whole population of NP cells might decrease with degeneration [@B11], the down-regulation percentage of CK8 positive cells might indicate their close relationship with IDD. Indeed, notochord cells can maintain the function of NP in many aspects [@B19],[@B21],[@B40],[@B41]. As the remnants of notochord cells, CK8 positive cells might sustain their progenitors\' function in stimulating neighboring NP cells to keep vitality and normal phenotype. Actually, subpopulation of NP cells regarded as progenitor cells have been founded in the study of Sakai et al., who noted a subset of progenitor cells decreased markedly with age and degeneration of the disc. These cells were Tie2 positive and disialoganglioside 2 negative (Tie2^+^GD2^-^) in NP, suggesting the exhaustion of their capacity for regeneration [@B42]. However, whether these Tie2^+^GD2^-^cells are CK8 positive is unknown. Further studies are needed to address the relationship between this subpopulation and CK8 positive cells.

Third, we identified the percentage of cell clusters with CK8 positive (approximately 37.4%) for the first time. Consistent with our study, Weiler et al. showed many clustered cells with CK8 positive labeling [@B23]. Gilson et al. found CK8 positive cells as small isolated clusters in bovine NP and speculated cell clusters as the outcome of the proliferation of notochord cells [@B28]. However, the exact proportion of the CK8 positive clusters has not been stated. Meanwhile, clusters with both positive and negative cells were rarely found in the current study. This phenomenon indicates that cell clusters, which are common in IDD, might be homologous. We found a small percentage of cell clusters were CK8 positive. Several lines of evidence might support our findings. ***a****.* Using a live automated cell imaging system, Kim et al. studied notochord cells differentiation by direct observation [@B43]. They found notochordal cells were slower in population doubling time than chondrocyte-like cells and rarely formed clusters. ***b****.* Erwin et al. found notochord cells were essential to activate chondrocyte anabolic activity, rather than acting as a cell proliferation center [@B14]. ***c***. Weiler et al. suggested notochord cells maintained a type of phagocytic activity [@B23]. ***d***. Granular matrix changed around the clusters in the study of Nerlich et al., as these autophagosome lost the ability of extracellular matrix secretion [@B44]. ***e***. Cytokeratins were shown to participate in autophagosome [@B27]. Collectively, we propose that most cell clusters are phenomenon of chondrocyte-like cells proliferation as these cells maintain a higher proliferation rate, whereas CK8 positive clusters might be autophagosomes derived from notochord cells.

Notwithstanding our study deepen the understanding of CK8 expression in IDD, we acknowledge that there are several limitations in the current study. For one, the average age of disease control, i.e., NP from patients with scoliosis, was relatively younger than that of normal and IDD groups. The variation was somewhat inevitable due to the hallmarks of adolescent scoliosis. However, we used unified MRI grading system to clarify the degeneration grades. For another, western blotting and qRT-PCR were performed from cells following in vitro culture, which might alter cell phenotype. Nevertheless, NP cells were cultured for relatively short time without cell passage to minimize the impact. Although our results provide beneficial information for CK8 expression, further studies are needed to explore the exact mechanisms between the CK8 positive cells and the neighboring NP cells.

In conclusion, this study firstly identified the distribution of CK8 positive cells in human NP. Furthermore, the percentage of cell clusters with CK8 positive (approximately 37.4%) was detected. As CK8 exerts multiple functions and is closely related to notochord cells, the CK8 positive cell subpopulation could have important implications for survival and activity of the NP. CK8 positive cells might be considered as a potential option in the development of cellular treatment strategies for NP repair.

The study was supported by Chinese National Natural Science Foundation Grants (No.30901509, No.81270028, No.81171747, NO. 81072116 and No.81070698).

AF

:   annulus fibrosus

CK8

:   cytokeratin 8

IDD

:   intervertebral disc degeneration

LBP

:   low back pain

MRI

:   magnetic resonance imaging

NP

:   nucleus pulposus

PBS

:   phosphate buffered saline

qRT-PCR

:   quantitative real-time PCR.

![CK8 expression in human NP. Approximately half of NP cells were positively stained in normal and disease controls, whereas fewer cells were CK8 positive in IDD. **A.** specimen of a *42-year-old* male from normal control, level L4/5, Grade I; **B.** specimen from a *17-year-old* female patient with scoliosis, level L1/2, Grade II; **C.** Degenerative NP specimen from a *33-year-old* female, level L3/4, Grade IV; **D.** Degenerative NP specimen from a *34-year-old*male, level L4/5, Grade V. T2-weighted midsagittal MR images of each patient were showed on the offside. Scale bar=50μm.](ijmsv10p0948g01){#F1}

![The percentage of CK8 positive cells decreased in the NP of IDD compared with controls. Error bars represent SEM. ∗ *p* \< 0 .05. Whole cohort of samples was used for the data analysis.](ijmsv10p0948g02){#F2}

![Typical staining of cell clusters in human NP. Immunofluorescence staining of a frozen specimen obtained from an IDD patient (*46-year-old*, male, L4/5, Grade IV) demonstrated typical cell clusters (CK8 negative and positive). CK8 positive NP cells and CK8 negative AF cells from a cadaver (*45-year-old*, male, L4/5, Grade I) were also provided, and nuclei were visualized with DAPI (4\'-6-diamidino-2-phenylindole).Scale bar=30μm.](ijmsv10p0948g03){#F3}

![Double staining of CK8 and CD24 in human nucleus pulposus. Nuclei were visualized with DAPI (4\'-6-diamidino-2-phenylindole). The specimen was obtained from a *42-year-old* male cadaver, level L4/5, Grade I. Scale bar=100μm.](ijmsv10p0948g04){#F4}

![Western blotting analysis **A.**The degree of CK8 expression in the NP of IDD (lanes 3 and 4) was weaker than that in the controls (lanes 1 and 2), while the *β*-actin expression was almost the same in all samples. The 2 lines of IDD group were the outcome of two simultaneously experiments. **B.** Quantitative examination showed a significant decrease in CK8 expression in IDD compared with the controls (average 52.3% of the normal control and 67.8% of the disease control). Error bars represent SEM. ∗*p*\< 0 .05.](ijmsv10p0948g05){#F5}

![qRT-PCR showed significant decreased expression of CK8 in IDD at the mRNA level. Error bars represent SEM. ∗*p* \< 0 .05.](ijmsv10p0948g06){#F6}

###### 

Summary of demographic data

  Patients NO.          Age   Gender   Level   Degree\*   Total NP Cells /10PFs   Total CK8 positive cells/10PFs   Percentage of total CK8 positive cells (%)   CK8 positive clusters/all clusters (%)
  --------------------- ----- -------- ------- ---------- ----------------------- -------------------------------- -------------------------------------------- ----------------------------------------
  **Normal control**                                                                                                                                            
  1                     42    M        L4/5    I          545                     286                              52.5                                         
  2                     25    M        L4/5    I          578                     327                              56.6                                         
  3                     33    F        L4/5    I          439                     175                              40                                           
  4                     27    M        L4/5    I          365                     243                              66.7                                         
  5                     40    M        L4/5    I          451                     276                              61.2                                         
  6                     39    F        L4/5    I          323                     133                              41.2                                         
  7                     21    M        L4/5    I          570                     306                              53.7                                         
  8                     26    M        L4/5    I          641                     277                              43.2                                         
  **Disease control**                                                                                                                                           
  9                     17    F        L1/2    II         305                     148                              48.5                                         45.6
  10                    20    F        L1/2    II         477                     223                              46.8                                         32.1
  11                    24    F        L1/2    II         472                     235                              49.8                                         43.8
  12                    23    F        L1/2    II         543                     302                              55.6                                         24.9
  13                    19    F        L1/2    II         521                     209                              40.1                                         35.0
  14                    18    F        L1/2    II         483                     254                              52.6                                         39.8
  15                    16    M        L1/2    II         296                     127                              42.3                                         41.2
  16                    19    M        L1/2    II         563                     304                              54                                           29.3
  17                    20    M        L1/2    II         432                     174                              40.3                                         35.1
  **IDD**                                                                                                                                                       
  18                    32    M        L4/5    V          458                     136                              29.7                                         42.7
  19                    23    M        L4/5    IV         324                     102                              31.5                                         34
  20                    41    M        L4/5    V          422                     108                              25.6                                         27.5
  21                    33    F        L4/5    IV         532                     156                              29.3                                         56.4
  22                    34    M        L4/5    V          418                     78                               18.7                                         30.3
  23                    28    F        L5/S1   IV         356                     93                               26.1                                         17.8
  24                    29    F        L5/S1   IV         462                     139                              30.1                                         63.3
  25                    24    M        L4/5    IV         382                     78                               20.4                                         43.6
  26                    46    M        L4/5    IV         532                     147                              27.6                                         31.8
  27                    26    F        L5/S1   V          389                     105                              27                                           29
  28                    28    M        L4/5    IV         463                     93                               20.1                                         19.4
  29                    42    F        L5/S1   IV         386                     87                               22.5                                         53.1

PF = power field (X 20). \* Pfirrmann\'s grading system. Normal control group was from cadavers, disease control group was from patients with scoliosis and IDD group was from patients with disc degeneration undergoing discectomy. CK8 positive clusters/all cell clusters (%): the number of clusters which were CK8 positive/the number of total clusters.

###### 

Human oligonucleotide primers used for real-time quantitative polymerase chain reaction analysis

  Gene    Forward primer                    Reverse primer
  ------- --------------------------------- -----------------------------------
  CK8     5\'-CTTCTAGGATCTCCGCCTGGTTC-3\'   5\'-GACACCTTGTAGGACTTCTGGGTCA-3\'
  GAPDH   5\'-GCACCGTCAAGGCTGAGAAC-3\'      5\'- TGGTGAAGACGCCAGTGGA-3\'
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